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ABSTRACT

A heterogeneous Fenton reaction using Iron alginate beads (Fe-AB) was evaluated for the
removal of an N-heterocyclic compound indole-3-acetic acid (IAA), which ranked as uremic
toxin and an herbicide derivative. The efficiency of the process was studied as a function of
the experimental conditions: initial pH; H,O, dose, temperature, initial concentrations of
IAA, and Iron alginate beads loading. Under the best experimental conditions: pH 3.0;
H,0, dose =9.8 mM; and [alginate beads]=1.0g L7 it was possible to remove 100% of 0.11
mM IAA in 120 min in a batch reaction at 25°C. The experimental results indicate also that
the use of this catalyst allows a significant removal of total organic carbon without signifi-
cant leaching of Fe ions. A kinetic analysis showed that the removal of IAA followed a first-
order kinetics model. In addition, the Fe-AB catalyst can be reused for successive runs,

without significant loss of activity.
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1. Introduction

Intensive use of herbicides in agriculture to
improve the quality and quantity of production has
led to a pervasive contamination problem. In fact, her-
bicides in soil may be taken up by plants, degraded
into other chemical forms, or leached downward, pos-
sibly to groundwater and run off into surface waters
with rainfall and/or irrigation. Therefore, the control
and treatment of herbicides and their derivatives in
water is one of the major measures in environmental
protection [1-4].

The auxinic herbicides were among the first selec-
tive organic herbicides developed during the 1940s.

*Corresponding author.

They continue to be one of the most widespread and
important herbicide families in use [56]. Among
numerous compounds, indole-3-acetic acid (IAA), a
nitrogen heterocyclic compound (NHC) (Fig. 1), also
known as auxin, is a plant growth regulator and the
major derivative of most auxin herbicides [7,8]. At
high concentration, auxin stimulates the production of
ethylene [9,10]. Excess ethylene can inhibit elongation
growth, cause leaves to fall, and even kill the plant
[11].

IAA is also ranked as a uremic toxin and can cause
uremic syndrome. Uremic syndrome may affect any
part of the body and can cause nausea, vomiting, loss
of appetite, and weight loss. It can also cause changes
in mental status, such as confusion, reduced
awareness, agitation, psychosis, seizures, and coma.
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Fig. 1. Chemical structure of IAA.

Abnormal bleeding, such as bleeding spontaneously
or profusely from a very minor injury, can also occur.
Heart problems, such as an irregular heartbeat, inflam-
mation in the sac that surrounds the heart, and
increased pressure on the heart, can be seen in
patients with uremic syndrome. Shortness of breath
from fluid buildup in the space between the lungs
and the chest wall (pleural effusion) can also be pres-
ent. JAA may induce endothelial dysfunction, inflam-
mation, and oxidative stress, leading to increased
cardiovascular risk [12-16]. It can be found or may be
developing in untreated wastewaters, depending on
ambient conditions, and affect human health. There-
fore, it is environmentally important to develop pro-
cesses to remove it economically and effectively.

Advanced oxidation processes, and among them
the Fenton processes, are particularly attractive and
mainly used to destroy hazardous and refractory
organic pollutants. Fenton process involves a catalytic
reaction (Eq. (1)) between hydrogen peroxide and fer-
rous ion in an acidic aqueous solution to produce
hydroxyl radicals ((OH), a non-selective chemical oxi-
dant with high oxidation potential E* (OH'/H,0O)=
2.8 V/NHE (normal hydrogen electrode) [17,18]. The
mechanism of Fenton reaction is presented as follows
[19]:

Fe’t + H,0, — Fe*t + OH™ + OH' 1)
Fe’™ + H,0, — Fe*™ + HO, + H' 2)

Nevertheless, the removal of sludge containing ferrous
ion at the end of wastewater treatment by homoge-
neous Fenton process is costly and requires more com-
plex post-treatments [20].

Recently, increasing attention is being paid to the
heterogeneous catalysis by the immobilization of iron
on different support materials in order to avoid the
sludge separation step typical of the conventional
homogeneous process [21-30].

Alginate has attracted researchers’ attention as a
natural chelating agent of chemical catalysts, and it
has been reported that incorporating iron with algi-
nate in bead form allows an easy separation and
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recovery of the catalyst from the treated water. Algi-
nate is a natural polysaccharide extracted from brown
algae, and it is very useful as it is cheap, non-toxic,
and its production does not require high pressure or
toxic organic solvents [31].

This study focuses on the applicability of Fe-AB as
a heterogeneous Fenton catalyst in the degradation of
an N-heterocyclic compound, IAA. The influence of
various parameters such as initial reaction pH, tem-
perature, H,O, concentration, IAA concentration, and
catalyst amount was investigated. The stability of algi-
nate beads as an immobilizing support for iron was
also evaluated. Finally, to assess the practicality of this
catalyst in water treatment, we present our attempts
to recover and reuse these beads several times.

2. Material and methods
2.1. Chemicals

All chemicals used were of analytical grade and
used without further purification. Sodium alginate
was purchased from Sigma (Spain). Hydrogen perox-
ide (30%) was obtained from Scharlau (France). IAA,
ferrous sulfate heptahydrate, calcium chloride, sodium
chloride, and sulfuric acid were all purchased from
Prolabo (France). NaOH and H,SO, solutions were
applied for pH adjustment.

2.2. Preparation of catalysts (Fe-AB)

Sodium alginate solution (4.0% w/v) was prepared
by dissolving an appropriate amount of alginic acid
sodium salt in distilled water and then was dropped
into a hardening solution composed of 0.1 molL™"
Ca** (CaCl,2H,O) and 0.05molL™" Fe" (FeS-
0O46H,0). A syringe needle was used to produce the
spherical iron cross-linked calcium alginate beads
(Fe-AB) at a dropping rate of approximate
1.0 mL min~". The formed particles (Fig. 2) were kept
2h in the gelling solution, filtered off, washed with
hydrochloric acid (10~ mol L™"), and repeatedly rinsed
with distilled water before being dried in oven for 12
h at 50°C [31].

Cross-linked Ca-alginate beads (Ca-AB) were
obtained by dropping a 4.0% sodium alginate into a
0.1 mol L™" calcium chloride solution.

2.3. Experimental procedure
2.3.1. Degradation experiments

Both oxidation (without beads) and catalytic oxida-
tion experiments were carried out in stoppered conical
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Fig. 2. Digital photographs of the prepared alginate beads at different physical state: (a) raw beads without iron, (b) raw

beads containing iron, and (c) dried beads containing iron.

flasks containing different concentrations of IAA solu-
tions (10-30 molL™"). The pH value of reactant solu-
tion was adjusted with 1.0 mol L™! H,S0, or NaOH
solution. After the correction of pH to the selected
value, the Fe-ABs catalysts (0-75 mg) were put into
50 mL of the aqueous IAA solution under continuous
stirring, and then the required amount of hydrogen
peroxide (0-98 mM) was added to start the reaction.
Samples were withdrawn at selected time intervals
and analyzed at 278 nm using a spectrophotometer
(BeckMan DUG640B). The mineralization degree of IAA
was measured from the total organic carbon (TOC)
concentration changes using Analytik jena TOC multi
N/C 2100 analyzer. All measurements were evaluated
using standard deviations with the help of EURA-
CHEM method uncertainty.

2.3.2. Adsorption test

Batch adsorption experiments were performed
without H,O, addition by varying the type (Ca-AB or
Fe-AB) of beads. 50 mg of dry alginate beads was sus-
pended into 50 mL of 20molL™' TAA aqueous
solution and then mixed by shaking at a temperature
of 25°C and pH 3.0 for the appropriate time. The
adsorption was monitored by UV-visible spectroscopy
(Beckman DU640B) at 278 nm.

3. Results and discussion

In an attempt to evaluate the predominate factor in
pollutant destruction in Fe-AB process, the contribu-
tion of alginate adsorption and H,O, oxidation was
initially investigated. The efficiency of the process was

studied as a function of the following experimental
conditions: initial pH, H,O, dose, temperature, initial
concentrations of IAA, and Iron alginate beads
loading.

3.1. Adsorptive removal of IAA

As reported in the literature, alginate beads can be
used as an efficient adsorbent in wastewater treatment
[30] mainly for the removal of heavy metal [32-36]
and dyes [37,38]. In an attempt to discriminate
between the contribution of alginate beads matrix to
the adsorption phenomena or to catalytic oxidation
processes, adsorption assays were initially carried out,
at pH 3.0, using 20 mg L™ of TAA, without H,O,
addition. As shown in Fig. 3, the concentration of IAA
did not obviously decrease in the presence of Ca-AB
alone. The IAA removal was also negligible in the
presence of the supported Fe-AB catalyst. This finding
of alginate sorption is similar to that found by
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Fig. 3. Adsorption kinetics of IAA onto AB and Fe-AB.
Experimental conditions: pH 3.0, amount of AB=1.0 gL_l,
and [TAA]=0.11 mM.
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Bezbaruah et al. [39], indicating that IAA hardly
adsorbed on the Fe-ABs surface.

3.2. Oxidative removal of IAA by hydrogen peroxide

It is known that hydrogen peroxide is a powerful
oxidant and it can be used as an oxidizing agent to
destroy many water pollutants. Therefore, before
applying the Fenton process, it is primordial to study
the effect of H,O, alone (without addition of Fe-AB
catalysts) on IAA degradation using a solution con-
tains 0.11 mM of IAA at pH 3.0 and without addition
of Fe-AB catalyst.

Fig. 4 represents the effect of H,O, dose on the
removal of 0.11 mM IAA. It appears that efficiency of
hydrogen peroxide alone is negligible and the maxi-
mum JAA removal after 240 min was only 7%. There
is an increase in the removal efficiency with an
increase in the dose. However, that increase is just
marginal.

Similar findings have been reported from other
studies [40-45]. This result can be ascribed to the
weaker oxidation potential of peroxide hydrogen
(H;0O,) than those of hydroxyl radicals (OH") and per-
hydroxyl radicals (HO;).

The performance of H,O, as an oxidant can be
enhanced by generating highly activated species (OH")
by adding catalyst to the effluent.

3.3. Fenton process

The effects of main operational parameters, such as
the initial pH, the temperature, the concentration of
hydrogen peroxide, and the amount of catalyst, were
investigated and optimized, as they may significantly
affect the catalytic performance of the Iron alginate
beads.
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Fig. 4. Effect of H,O, alone on the degradation of IAA at
0.11 mmol L™ TAA and pH 3.0.
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3.3.1. Effect of hydrogen peroxide concentration

Hydrogen peroxide was the basis for the radical
generation in Fenton’s oxidation process. The hydro-
xyl radicals (OH'), produced from the reaction
between H,O, and Fe**, either oxidize the pollutant
and other intermediates, or react with the oxidant
itself to cause reduction in pollutant removal effi-
ciency. Initially, it can be expected that as the molar
ratio of H,O, to pollutant is increased, more HO" radi-
cals are available to attack the organic structure, and
therefore, the degradation efficiency should increase.

Hence, an investigation of H,O, consumption and
optimization in Fenton’s oxidation process was vital.
The optimization of hydrogen peroxide concentration
was carried out by varying H,O, concentration from
0.98 to 9.8mM and fixing the amount of Fe-AB to
1.0gL™" and the pH to 3.0. The effect of the amount
of H,O, addition on the removal of IAA was shown
in Fig. 5. This figure shows an increase on the removal
efficiency of IAA with increasing H,O, concentration
and increasing time. The increase was almost linear in
the first 60 min and then steadily decreased to become
almost constant. The linear increase at a H,O, concen-
tration from 0.98 to 4.9 mM was accompanied by an
increased the removal efficiency of IAA from 8 to 50%
in 60min. It was shown that IAA degradation
increased gradually with H,O, concentration and com-
plete degradation of IAA was achieved within 120
min in the presence of 9.8 mM H,O, at pH 3.0, which
is close to the optimum pH for Fenton’s reaction (pH
of 2.8). This is expected, since the production of the
highly reactive ‘OH produced by the catalytic
decomposition of H,O, was significantly accelerated
by increasing H,O, concentration as well as propaga-
tion reactions that form transient oxygen reactive
species that aid in the destruction of organic pollutant
[29].
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Fig. 5. Effect of hydrogen peroxide concentration on IAA
removal efficiency at 0.11 mmol L7' IAA, 298 K, initial pH
3.0,and 1.0g L' Fe-AB.



S. Ben Hammouda et al. | Desalination and Water Treatment 57 (2016) 6761-6771

3.3.2. Effect of catalyst concentration

In order to assess the effect of Iron alginate beads
loading, a series of experiments were carried out in
which the amount of catalyst was changed from 0.25
to 1.5gL™" (0.01-0.075g) and all other operational
parameters were kept constant. As shown in Fig. 6,
within 120 min, the removal efficiency of IAA
increased from about 10 to 100% when Fe-AB loading
was increased from 0.25 to 1gL™". These results could
be explained by the fact that the increase in the
amount of catalyst will supply more active iron sites
that will accelerate the decomposition of H,O, which
in turn significantly increases the number of hydroxyl
radical.

However, a significant improvement was not seen
for an amount of Iron alginate beads higher than
1gL™". Therefore, the optimum catalyst loading was
fixed at 1gL™" for all subsequent runs, as it gave the
highest efficiency.

3.3.3. Effect of solution initial pH

The efficacy of the Fenton reactions depends on
the pH; therefore, its impact on the catalytic activity of
Iron alginate beads was studied for IAA degradation.
For this purpose, the experiments were carried out at
initial pH values that varied from 2 to 11, without any
modifications or control of the pH during the process.
The obtained results (Fig. 7) show that the maximum
removal capacity of IAA was observed at pH 3.0.

Above this pH, the removal efficiency of IAA
rapidly decreased with the increase in pH. Above
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Fig. 6. The influence of alginate concentration on IAA
removal efficiency at 0.11 mM IAA, initial pH 3.0, and 9.8
mM Hzoz.
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Fig. 7. Effect of pH on IAA degradation by Fenton’s oxida-
tion at 0.11 mM IAA, 9.8 mM H,0,, 1.0g L' Fe-AB.

pH 7, the destruction of IAA scarcely occurred. In
fact, H,O, is unstable in basic solutions and may
decompose to give oxygen and water, losing some of
its oxidation ability. However, at pH 2, the reaction
of H,0O, with Fe** (Eq. (3)) is seriously affected caus-
ing the reduction in OH" radical production due to
OH' scavenging by H' ions according to Eq. (4),
which explains the decrease of the removal efficiency
at pH 2.

Fe** + H,0, — Fe** + OH™ + OH (3)

OH +H"+e — H,O 4)

3.3.4. Effect of IAA initial concentration

In wastewater treatment plants, the pollutant con-
centration present in the effluent is usually variable.
From an application point of view, it is important to
study the dependence of removal efficiency on the ini-
tial concentration of the contaminant and to determine
the maximum amount that would be destroyed with a
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Fig. 8. Effect of IAA initial concentration on the removal
efficiencyat 9.8 mM H,O,, pH 3, and 1.0gL™" Fe-AB.



6766

fixed reagent concentration. Thus, the effect of IAA
concentration on the degradation efficiency was inves-
tigated in the concentration range that varied between
0.055 and 0.165 mM. As seen in Fig. 8, it can be noted
that the removal rate increased with the decrease of
initial concentration of IAA. After a period of 90 mins
a removal of 100, 85 and 55% was, respectively,
achieved with 0.055, 0.11, and 0.165 mM of TAA.

These results could be attributed to the fact that an
increase in IAA initial concentration leads to an
increase in the number of pollutant molecules. Know-
ing that H,O, concentration and the catalyst amount
were maintained constant, the hydroxyl radical con-
centration remains also constant and is not enough to
degrade all IAA molecules.

3.3.5. Effect of temperature

Different temperatures were investigated in order
to evaluate the role of temperature in Fenton process.
Moderating the temperature is necessary not only for
economic reasons, but also for safety reasons as well.
For this purpose, temperatures in the range 25-50°C
were selected considering environmental conditions
located in Tunisia. Experiments were carried out at
IAA concentration of 0.11 mM, H,O, concentration of
9.8 mM, and Fe-AB concentration of 1.0 g L.

As shown in Fig. 9, the increase on the tempera-
ture has a positive impact on the degradation of IAA.
A significant enhancement of the degradation was
produced when the temperature was increased from
25 to 55°C. This is due to the fact that higher tempera-
ture increased the reaction rate between hydrogen
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Fig. 9. The influence of temperature on IAA removal effi-
ciency at pH 3.0, 0.11 mM TAA, 9.8 mM H,O,, and 1.0gL™"
Fe-AB.
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peroxide and Fe-AB catalyst, thus increasing the rate
of production of OH' radical. In addition, higher tem-
perature can provide more energy for the reactant
molecules to overcome reaction activation energy [46].

3.3.6. Kinetic of the heterogeneous Fenton reaction

In order to determine the oxidation kinetics of JAA
by Fenton process, the kinetic parameters were stud-
ied. Statistically the regression of the data was con-
ducted for zero-, first- and second-order kinetic [47].

Results obtained (Table 1) show that first order
kinetic models provided better R*> values than the
zero- and second-order kinetic models. Kinetic plots
are illustrated in Fig. 10.

The apparent kinetic constant obtained by linear
regression analysis are 2.26x 1072, 2.82x1077
340 x 107 and 4.37 x 10 > min~" for the temperature
of 25, 35, 45, and 55°C, respectively. Kinetic constants
increased approximately two times as the temperature
increased from 25 to 55°C.

From the kinetic data at different temperatures, it
was possible to determine the initial rates of reaction
and then calculate the apparent activation energy by
applying the Arrhenius equation [48].

K = Aexp (—E,/RT) )

where K is the rate constant which controls process, A
is the Arrhenius constant, T is the solution tempera-
ture (K), E, is the apparent activation energy

(K mol™), and R is the ideal gas constant
(0.0083 k] mol ' K™).
From the corresponding Arrhenius-type plot

(Fig. 11), values of A and E, can be calculated as 38.91
and 26.99 k] mol™!, respectively. Temperature and
kinetic constant are highly correlated (R*=0.99).
Typical thermal reactions usually have reaction
activation energies between 60 and 250 kJmol™’
[49,50]. The apparent activation energy in this study
implied that the degradation of IAA in aqueous solu-
tion by the heterogeneous Fenton oxidation process
required much lower activation energy which

Table 1
R? values at different temperature

Temperature
Type of kinetic 25°C 35°C 45°C 55°C
Zero order 0.9191 0.8632 0.846 0.7993
First order 0.9861 0.989 0.9823 0.9943
Second order 0.7905 0.7739 0.7954 0.9230
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indicates that the oxidative reaction proceeds with low
energy barrier and could be easily achieved.

3.3.7. IAA mineralization and evolution of degradation
intermediates

It is known that the oxidation of organic com-
pounds is accompanied by the formation of reaction
intermediates and some of them could be long-lived
and even more toxic than their parent compounds
[51,52]. Efficient mineralization of the pollutant during
the degradation is essential for avoiding secondary
pollution in practical applications. Therefore, it is nec-
essary to measure the mineralization degree of the
IAA to evaluate the degradation level applied by the
Fenton process. The concentration of TOC was
selected as a mineralization index of the IAA destruc-
tion [53,54]. After contact time for 4h (Fig. 12), 100%
of the TOC was eliminated, indicating that IAA was
effectively mineralized in this process. Furthermore,
and in an attempt to identify the intermediates formed
during the degradation process, high-performance
liquid chromatography with diode array detection
was used. Chromatograms (Fig. 13) of samples
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Fig. 12. TOC removal of IAA by Fenton process at 9.8 mM
H,0,, 0.11mM IAA, 1.0g L™ Fée-AB, and pH 3.0.

collected at selected time intervals during the treat-
ment of 0.11 mM IAA showed a gradual disappear-
ance of IAA peak (tg =6.7 min). The disappearance of
IAA peak was accompanied by the appearance of new
peaks that elute before the parent compound, which
could be attributed to oxidation intermediates.

As shown in Fig. 13, after 120 min, the degradation
of TAA resulted in a complete disappearance of IAA
and the appearance of two major peaks (correspond-
ing to carboxylic acid or/and intermediates products)
at the following retention times: peak 1 at 3.6 min and
peak 2 at 4.1 min.

The final analysis of samples after 4 h of treatment
indicated the complete removal of any compound.
These results mean that intermediates are eventually
degraded into CO, and H,O.

3.3.8. Stability and catalyst re-use test

Successive tests were performed in order to assess
the stability of Iron alginate beads (Fe-AB) as hetero-
geneous Fenton catalysts for removal of IAA and thus
to observe the possibility of catalyst reuse. It should
be noted that Fe-alginate gel beads were produced by
the reaction of alginate with Fe** ions in aqueous solu-
tion; therefore, their diameter and Fe content were
affected significantly by the concentration of alginate
or FeSOy solution used. Sodium alginate solution with
higher concentration than 4.0 wt.% showed too high
viscosity to be used for the preparation of uniform Fe-
alginate gel beads.

3.3.9. Stability test

Leaching of iron from alginate can occur during
the oxidation process and thus generate a secondary
pollution. In order to evaluate the stability of the heter-
ogeneous catalyst, the amount of iron released into solu-
tion during the oxidation process was analyzed.
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Results showed that the amount of iron leached into
solution is very low (does not exceed 0.6 molL™").
Therefore, Iron alginate beads are sufficiently stable to
be used without causing metal pollution problems.

In order to check if the amounts of leached iron
are responsible for the catalytic activity and to evalu-
ate the contribution of the homogeneous reaction dur-
ing the heterogeneous Fenton process, a trial was
carried out using a solution containing iron ions
(0.6 mol LY. The concentration of IAA and H,O, was
similar to concentration used for the heterogeneous

. (A) Before treatment, (B) after 2 h of treatment, and (C) after 4 h of treatment.

experiment. The results (Fig. 14) demonstrate that the
catalytic activity of the fraction of iron leached from
Iron alginate beads is negligible. Therefore, the contri-
bution of the homogeneous reaction during the hetero-
geneous Fenton process could be neglected.

3.3.10. Catalyst re-use test

In an attempt to evaluate the stability and reuse of
Fe-AB, four consecutive essays were repeated using
the same amount of Fe-AB previously used. After each
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Fig. 14. Catalytic activity of the fraction of iron leached
during the heterogeneous treatment at 0.11 mM IAA, initial
pH 3.0, 9.8 mM H,0,, and [Fe**]=0.6 mol L.

120

100

IAA Removal (%)

0 20 40 60 80 100 120 140 160

Time(min)

—4— Fresh catalyst —E—Reusedonce  —h—Reused twice —%—Reusedthrice

Fig. 15. Conversion of IAA as a function of the time of
reaction in different conditions at 0.11 mM IAA, initial pH
3.0, and 9.8 mM H202.

cycle, the catalyst was removed by filtration, thor-
oughly washed with distilled water, and followed by
drying at 50°C for 4 h. A comparative study between
fresh and reused catalyst is depicted in Fig. 15. As it
can be observed, the catalytic activity of Iron alginate
beads decreased after successive runs. The loss of
activity shown at the forth cycle could be attributed to
cumulative leaching of iron species from catalyst sup-
port after three successive uses.

The Iron alginate beads catalyst still showed good
stability for the degradation of IAA after three recy-
cles, but in the forth re-use cycle, a full dissociation of
the catalyst was observed after one hour of treatment.

4. Conclusions

The results showed that the Fe-AB heterogeneous
Fenton process is an efficient and economic method
for the removal of IAA, provided that the catalyst and
hydrogen peroxide are present in suitable concentra-
tions. The degradation efficiencies were influenced by
the initial concentration of IAA, the pH of solution,
the temperature and the amount of hydrogen peroxide
and catalyst.
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The optimum conditions for the degradation of
IAA were observed at pH 3.0, with an Fe®-alginate
beads concentration of 1.0 gL71 and initial H,O, con-
centration of 9.8 mM with a pollutant concentration of
0.11 mM. After 120 min, the catalyst allows the total
elimination of IAA and a significant TOC removal,
without generating additional pollution by iron
hydroxide sludge. In addition, the catalyst can be
reused for successive runs, without significant loss of
activity. IAA degradation follows a first-order kinetics,
and the apparent activation energy of the reaction was
calculated to be 26.99 kf mol™". In view of the forego-
ing discussion, the developed catalyst would be of
potential application, as it offers interesting assets
such as simplicity, low cost, good structural stability,
easy recovery, and stable catalytic activity in repetitive
reaction cycle.
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